Adam Kandel. Somadendritic backpropaga-The rats were anesthetized with a mixture (4 ml/kg) of ketamine (25 mg/ml), xylazine (1.3 mg/ml), and acepromazine (0.25 mg/ tion of action potentials in cortical pyramidal cells of the awake rat. J. Neurophysiol. 79: 1587Neurophysiol. 79: -1591Neurophysiol. 79: , 1998. The invasion of fast (Na / ) ml). For the simultaneous recording of field potentials and unit activity in different locations and cortical layers, silicon probes spikes from the soma into dendrites was studied in single pyramidal cells of the sensorimotor cortex by simultaneous extracellular re-with linear arrays of recording sites were used (Ylinen et al. 1995) .
Recent in vitro experiments have provided evidence that (Ylinen et al. 1995) and the derived pulses served as a reference the dendritic membrane can exhibit electroresponsive prop-signal for the construction of averaged unit waveforms from the erties and actively support propagation of action potentials wideband traces (1 Hz to 5 kHz). in dendritic compartments of cortical neurons (Johnston et The current source density (CSD) derivative of the simultaneal. 1996; Magee and Johnston 1995; Regehr et al. 1993 ; ously recorded extracellular voltage traces allowed for the continu- Spruston et al. 1995; Stuart and Sakmann 1994) . Active ous monitoring of the anatomical locations of sinks and sources of dendritic properties may be critical in synaptic integration action potentials. The results are presented as the unscaled second derivative of potential as a function of depth (Ylinen et al. 1995). and plasticity because calcium influx into the cell depends on A more detailed description of methods is available in Kandel and the number and frequency of fast (Na / ) spikes successfully Buzsáki (1997) . The animals of the present report were part of invading the dendrites (Jaffe et al. 1992; Spruston et al. that study.
1995; Svoboda et al. 1997) . Indeed, in vitro experiments suggest that dendritic fast action potentials may affect the efficacy of concurrently active synapses and influence synap-R E S U L T S tic plasticity by enhancing Ca2 / influx into the cell (Magee and Johnston 1997; Markram et al. 1997; Yuste and Denk Large amplitude action potentials, together with slow field 1995). Because a variety of conditions can affect the back-potentials, could be recorded from layers II to VI in the propagation and local boosting of the amplitude of dendritic awake rat (Fig. 1) . Thalamic evoked field responses and action potentials, it is reasonable to expect that local en-spontaneously occurring spike-and-wave discharges resulted hancement of fast (Na / ) action potentials can be behavior-in spatially localized sinks and sources in the various cortical ally regulated (Buzsáki et al. 1996; Kamondi et al. 1997) . layers (Castro-Alamancos and Connors 1996; Kandel and Monitoring dendritic activity of single cells in the behaving Buzsáki 1997). Layer IV was recognized by a prominent animal, however, was not possible until recently. Herein we sink during spike and wave patterns, sleep spindles, and report that dendritic action potentials of individual layer V thalamic-evoked responses (Kandel and Buzsáki 1997) . Lopyramidal neurons in the sensorimotor cortex can be re-cal field events, such as extracellularly recorded action pocorded up to 400 mm from the cell body in the brain of tentials (spikes) were revealed by CSD analysis. Although awake rats.
quantitative separation of all observable spikes was not at-
tempted, visual analysis of the traces revealed that 20-40 extracellular spikes could be recorded simultaneously from
Six male rats (250-500 g; 6-15 mo old) of the WAG/Rij strain (Harlan Sprague-Dawley, the Netherlands) were used in this study. the various cortical layers. Figure 1C CSD traces of well-isolated spikes. In each case, a clear often simultaneously present at five recording sites. Nevertheless, even in these cases action potentials of the same source-sink-source triplet is present.
Action potentials of the same neuron were often simulta-amplitude and waveshape, recorded from the presumed somatic site, were often associated with visible spikes at only neously present on neighboring recording sites (Buzsáki et al. 1996; Drake et al. 1988; McNaughton et al. 1983 ; Recce three or four superficial sites. That these depth-amplitude distributions represented the same neuron, rather than inciand O' Keefe 1989) . For the present report, analysis was confined to the largest amplitude layer V neurons (n Å 27), dentally coinciding neighboring cells was ascertained by a clear refractory period in the cross-correlograms of spikes which could clearly be distinguished from other spikes. The somata of these neurons were located from 100 to 400 mm recorded from the presumed somatic site and more superficial layers. The gradual time shift and amplitude decrement below layer IV. We assumed that the largest amplitude spike of the simultaneously recorded spikes represented the so-of the spikes recorded at different sites and their consistent presence on all of the interim sites provided evidence for matic region of the cell. The half-amplitude width of these perisomatic action potentials (1 Hz to 5 kHz filtering) was the single unit nature of these potentials (Fig. 3) . The larger amplitude variability at more distal sites relative to the pre-0.72 { 0.05 (SE) ms. Although fast-firing, short-duration (õ0.6 ms half-amplitude) spikes were also encountered in sumed somatic site suggested that backpropagation of the action potential to the dendrites may vary substantially (Buzlayer V (Kandel and Buzsáki 1997), they were not included in the present work. sáki et al. 1996; Spruston et al. 1995) . Whereas the amplitude decreased gradually in the dorsal Action potentials could be recorded from three to five sites of the silicon probe, that is up to 400 mm from the direction (toward the apical dendrites), it exhibited a sharp decrease ventrally (Fig. 3, A and B) . The latency of the soma of the pyramidal cell (Fig. 2) . The most distal dendritic recording sites exhibited the greatest variability in amplitude. negative peak of the spikes recorded at the various locations increased gradually from the somatic site (Fig. 3, C and D) . In some cases, clearly recognizable action potentials were J791-7RC / 9k25$$fe55 02-05-98 13:09:00 neupa LP-Neurophys The earliest action potential always occurred at the site of and 3) gradual latency shift from dendritic to somatic recording sites. These findings therefore indicated that in the the maximum amplitude (soma) or at the electrode beneath intact brain action potentials in layer V pyramidal neurons it. The propagation velocity of the backpropagating action are most often initiated at the perisomatic region and retropotential was 0.67 { 0.11 m/s (Fig. 3D) . The gradually gradely invade the dendrites. It must be emphasized, howshifted dipoles, responsible for the delays observed in the ever, that rare dendritic initiation of somatic action potentials extracellular space, were also evident in the CSD averages or action potentials confined to certain dendritic segments (Fig. 2) . Two to three time-shifted sink-source pairs ranging may not be reliably revealed by the present method. from the soma to the apical dendritic sites could be identified.
Even with extensive visual analysis of numerous long records we failed to find examples where the direction of D I S C U S S I O N propagation would be from the dendrite to the soma. The criteria of such forward propagation of the action potential Linear arrays of closely spaced recordings sites embedded were 1) simultaneously present action potentials in three or in silicon probes allowed us to measure action-potential propagation of single cells in the awake rat. The present more sites, 2) gradual amplitude increase towards the soma, J791-7RC / 9k25$$fe55 02-05-98 13:09:00 neupa LP-Neurophys V pyramidal cells in vitro (Stuart and Sakmann 1994) . In no case did we observe forward propagation (i.e., dendrosomatic) of action potentials with extracellular recording. This may indicate that action potentials are most often initiated in the axon in the in vivo brain and their dendritic backpropagation is under tonic suppression (Svoboda et al. 1997 ). These observations, however, do not exclude the possibility of locally generated fast sodium spikes in more distal dendrites (Kamondi et al. 1997) . However, such dendritically triggered action potentials may not successfully invade the soma, indicating that axonally and dendritically generated action potentials may serve different functions.
The amplitude variability at the dendritic recording sites may indicate that active backpropagation of the action potential is under complex control mechanisms in the intact brain (Spruston et al. 1995) . Indeed, intracellular recordings from thin dendritic branches of CA1 pyramidal cells in vivo revealed action potentials ranging from 5 to 45 mV. The amplitude boosting of the dendritic spike was induced by the synchronous population activity of presynaptic CA3 neurons during sharp wave bursts (Kamondi et al. 1997) . It is expected that similar population control also exist in neocortical networks. ods of extracellular spikes, on the basis of the assumption of point sources of action potentials, may inadvertently classify the activity of the same neuron as spikes derived from findings indicate that this method is suitable for exploring conditions, which may influence the somadendritic propaga-different cells because of the variability of action-potential backpropagation from the soma to the dendrites (Buzsáki et tion action potentials in the behaving animal.
Our analysis was confined to putative layer V pyramidal al. 1997; Kamondi et al. 1997 ). cells. Although no anatomic verification was available, the physiological properties and location of these cells suggest We thank K. Wise and J. Hetke for manufacturing the silicon probes for us.
that they comprised a similar cell type. We assumed that the 
